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T
he

 possibility that benthic
 algae in

 the
 nearshore

 area of Lake M
ichigan

 m
ight be

 grow
th lim

ite
d

 by S
i w

as tested
using nutrient-releasing substrata. N

utrient treatm
ents w

ere S
i, N

 +
 P

, S
i +

 N
 +

 P
, and controls (C

O
N

T
) and w

ere
sam

pled after 7, 14, and 31 d of exposure. A
ddition of S

i alone had little
 stim

ulatory effect on algal biom
ass,

w
h
ile

 enrichm
ent 

w
ith S

i +
 N

 +
 P

 led
 to

 the
 greatest increase in

 chlorophyll a, particulate S
i, total biovolum

e,
and diatom

 biovolum
e

 after 14 d of incubation
 (P

<
 0.0001). By day 31, com

m
unities on C

O
N

T
 and S

i substrata
exhibited little

 change in
 biom

ass and
 rem

ained dom
inated by diatom

s (98%
 of total biovolum

e), w
h
ile

 algat
biom

ass on
 both

 N
 +

 P
 and

 S
i +

 N
 +

 P
 substrata increased m

ore than eightfold (P
 <

 0.0001) and
 consisted m

ainly
of S

tigeoclonium
 tenue (C

hlorophyta) and S
chizothrix ca/c/co/a (C

yanophyta). These results indicate that benthic
diatom

s in
 Lake M

ichigan
 are

 not currently lim
ite

d
 by S

i, but m
ay becom

e S
i lim

ited
 fo

llo
w

in
g

 enrichm
ent w

ith
N

 +
 P

.

O
n a verifi£ la possibility que la croissance des algues benthiques de la zone littorale du lac M

ichigan
 soit lim

itee
par le

 S
i, a

 I'aide
 de

 substrats liberateurs de
 bioelem

ents. C
es substrats, contenant du

 S
i, du

 N
 +

 P
 et du

 S
i +

 N
 +

 P
ainsi que les sedim

ents tem
oins ont et6 echantillonnes apres 7, 14 et 31 j d'exposition. L'apport de S

i a eu peu
d
'in

cid
e
n
ce

 stim
ulante

 sur la
 biom

asse algale
 tandis que

 I'enrichissem
ent avec du

 S
i +

 N
 +

 P
 a

 entrain^ la
 plus

grande augm
entation de la concentration de chlorophylle-a, de S

i particulaire, du biovolum
e total et du bio-

volum
e

 des diatom
ees apres 14 j d'incubation

 (P
 <

 0,0001). A
pres 31 j, les com

m
unautes poussant sur des

substrats tem
oins et enrichis de S

i ont m
ontr£ peu de variations de la biom

asse et etaient surtout constituees de
diatom

ees (98 %
 du biovolum

e
 total) tandis que la biom

asse algale sur les substrats enrichis de N
 +

 P
 et de

Si +
 N

 +
 P

 a
 augm

ente* plus de
 8

 fois (P
 <

 0,0001} et se
 com

posait surtout de
 S

tigeoclonium
 tenue (C

hlorophytes)
et S

chizothrix ca/c/co/a (C
yanophytes). C

es resultats revelent que les diatom
ees benthiques du lac M

ichigan
 ne

sont pas actuellem
ent lim

itees par la concentration de S
i m

ais peuvent le devenir par suite d'un enrichissem
ent

a
u

N
 +

 P
.
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T
he role nutrients play in shaping phytoplankton com

m
u-

nities has received m
uch attention (K

ilham
 and K

ilham
1978; T

ilm
an 1982). Investigators have dem

onstrated that
the availability of one to a few

 nutrients lim
its phytoplankton

grow
th and leads to shifts in com

m
unity com

position (D
illon

and R
igler 1974; Schindler 

1977). 
A

lthough less thoroughly
understood, nutrients have been show

n to lim
it benthic algal

productivity 
(K

rew
er 

and 
H

olm
 

1982). 
H

ow
ever, 

nutrients
com

m
only lim

iting to phytoplankton (i.e. P
) are often tim

es
less w

ell correlated w
ith benthic algal biom

ass (C
attaneo 1987),

perhaps suggesting that nutrient supplies available to benthic
algae m

ay differ from
 the open w

ater (A
lexander et al. 1982;

P
ringle 1985). R

ecent 
w

ork by P
ringle (1987) suggests that

'C
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nutrients supplied from
 substrata interact w

ith nutrient supplies
in the w

ater colum
n to m

ediate the response of benthic algae
to enrichm

ent.
R

esults from
 several bioassay techniques have dem

onstrated
benthic algal grow

th stim
ulation w

ith additions of P
 (K

rew
er

and H
olm

 1982; Fairchild and L
ow

e 
1984), N

 (G
rim

m
 and

Fisher 1986), and both P
 and N

 (S
tockner and S

hortreed 1978;
Pringle  and B

ow
ers 1984). Silicon m

ay be another im
portant

nutrient to benthic algae, particularly because diatom
s dom

inate
m

ost benthic algal assem
blages (Stockner and A

rm
strong 1971;

R
ound 1981) and dissolved Si concentrations are very low

 in
m

any aquatic system
s (A

lexander et al. 1982; S
chelske et al.

1986). W
hile very little inform

ation exists on the role Si plays
in regulating benthic algal grow

th and com
m

unity dynam
ics

(e.g. H
ooper-R

eid and R
obinson 1978), Si dem

and by phyto-
plankton can serve as an index of eutrophication (K

ilham
 1971).

In L
ake M

ichigan, the grow
th of planktonic diatom

s and sub-
sequently their rate of Si utilization has been show

n to increase
follow

ing P
 enrichm

ent (Schelske and S
toerm

er 1972; Schelske
et 

al. 
1986). 

T
his 

phenom
enon has 

been 
suggested 

as 
a
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FIG
. 1. L

ake M
ichigan w

ith L
ittle T

raverse B
ay enlarged displaying

the study site, indicated w
ith a star (after Schelske and C

allender 1970;
R

ea and Pigula 1979).

m
echanism

 partially responsible for seasonal shifts from
 a dia-

tom
-dom

inated assem
blage during spring m

ixing to dom
inance

by phytoplankton w
ithout grow

th requirem
ents for S

i follow
ing

therm
al stratification (Schelske  and Stoerm

er 1971; F
ahnenstiel

and Scavia 1987a). B
ecause diatom

s also dom
inate L

ake M
ich-

igan benthic algal assem
blages (S

tevenson and S
toerm

er 1981;
K

ingston et al. 1983), elevated P
 im

puts m
ight induce sim

ilar
shifts in benthic algal com

m
unity com

position. T
hus, the pres-

ent study utilized substrata w
hich release com

binations of S
i,

N
, and P

 in the littoral zone of L
ake M

ichigan in order to deter-
m

ine (1) w
hether benthic diatom

s are Si lim
ited and (2) if a

shift from
 a diatom

-dom
inated com

m
unity to one com

posed of
algae w

ithout S
i requirem

ents (i.e. green and blue-green algae)
is observed follow

ing N
 +

 P
 enrichm

ent.

M
aterials and M

ethods

N
utrient-releasing substrata w

ere constructed as described by
F

airchild and L
ow

e (1984) from
 clay flow

er pots (internal vol-
um

e =
 245 m

L
) that w

ere autoclaved and soaked in deionized
w

ater for 48 h. E
ach substratum

 w
as filled w

ith a hot 2%
 agar-

deionized
 w

ater solution containing 
one or a com

bination of
0.05 M

 N
aN

O
, (N

), 0.05 M
 N

aH
2PO

4 (P), and 0.1
 M

 N
a

2S
iO

3

(Si).

N
utrient R

elease E
xperim

ents

R
elease rates of each ion w

ere determ
ined under laboratory

conditions in order to characterize the pattern and m
agnitude

of nutrient release over a tim
e period com

parable w
ith that of

the in situ experim
ent. R

elease of N
0

3-N
 (average release 

=
254 p-m

ol-d-!) w
as higher than P

O
4-P

 (82 |jjnol-d~
')'. how

ever,
both  decreased through tim

e (F
airchild et al. 1985). R

elease of
SiO

2 w
as determ

ined by filling three replicate substrata w
ith

agar and 0.1 M
 N

a
2S

iO
3 (Si) and three m

ore w
ith just agar

(C
O

N
T

). T
he S

i and C
O

N
T

 substrata w
ere placed in 4-L

 plastic
containers  filled w

ith 1.5 L
 of deionized w

ater. T
he w

ater in
each jar w

as changed daily for 23 d. O
n days 1

,2
,3

, 6, 9, 12,
15, 18, 21, and 23 of the experim

ent, w
ater sam

ples w
ere fil-

tered 
through w

ashed 0.45-u,m
 M

illipore®
 filters, stored in

acid-w
ashed polyethylene bottles, and refrigerated. T

hese sam
-

ples w
ere analyzed  for SiO

2 color-m
etrically using a T

echnicon
II autoanalyzer (D

avis and Sim
m

ons 1979).

In situ N
utrient M

anipulation

F
orty-eight nutrient-releasing substrata w

ere constructed for
field experim

ents: 12 contained S
i as a nutrient addition (S

i
substrata), 12 had both N

 and P
 added (N

 +
 P

 substrata), 12 had
all three nutrients added (S

i +
 N

 +
 P

 substrata), and the rem
ain-

ing 12 served as controls, w
ith no nutrients added (C

O
N

T
 sub-

strata). O
n 

15 July 
1984, 

all substrata w
ere placed approxi-

m
ately 0.5 m

 apart in a grid at a depth of 10 m
 off H

arbor P
oint

in L
ittle T

raverse B
ay, L

ake M
ichigan, using S

C
U

B
A

 (F
ig, 1).

E
ach substratum

 w
as secured into the sedim

ents by a w
ooden

dow
el at its base. F

our substrata of each treatm
ent w

ere gently
collected  after 7, 14, and 31 d in 1-gal zip-lock plastic bags by
divers, taking care to include as little lake w

ater (and suspended
algae therein) as possible w

ith each substratum
.

U
pon returning to the laboratory, the contents from

 each zip-
lock  bag w

ere transferred to a 1-L
 w

ide-m
outh jar. O

rganism
s

w
ere rem

oved from
 the surface of each substratum

 w
ith a razor

blade  and toothbrush and w
ashed into the jar w

ith deionized
w

ater. E
ach sam

ple w
as diluted to a know

n volum
e, from

 w
hich

subsam
ples w

ere rem
oved to determ

ine concentrations of chlo-
rophyll a, paniculate S

i (PSi), and algal biovolum
e (Stoerm

er
and K

reis 
1980). 

T
he rem

aining slurry w
as concentrated by

settling and diatom
 reference slides w

ere prepared (Patrick and
R

eim
er 1966).

C
hlorophyll subsam

ples w
ere filtered (0.45-jjLm

 M
illipore),

sonicated, centrifuged, extracted in 90%
 acetone buffered w

ith
M

gC
O

3, and analyzed using a T
urner 111 fluorom

eter. S
am

ples
w

ere subsequently acidified and assayed 
a second 

tim
e for

phaeopigm
ents (Strickland and Parsons 1968). S

ubsam
ples for

PSi w
ere filtered (0.40-(jL,m

 N
uclepore®

), transferred to plastic
vials, 

and frozen. 
Sam

ples 
w

ere 
later 

subjected 
to 

N
aO

H
extraction and acid neutralization and analyzed w

ith an autoan-
alyzer for dissolved SiO

2 (K
rausse et al. 

1983).
A

lgal densities w
ere estim

ated from
 each prepared slide by

enum
erating betw

een 350
 and

 3000
 algal cells using a L

eitz
D

ialux®
 research 

m
icroscope 

at 
1250 X

 m
agnification. B

io-
volum

e estim
ates 

w
ere obtained for taxa by determ

ining the
m

ean cell dim
ensions of at least 

10 random
ly chosen cells.

A
verage biovolum

e w
as calculated from

 the m
ean cell dim

en-
sions and w

as m
ultiplied by cell densities to obtain the total

biovolum
e for each taxon.

E
stim

ates 
of algal biom

ass w
ere analyzed using one-w

ay
analysis  of variance (A

N
O

V
A

), w
ith nutrient treatm

ents con-
sidered a fixed factor and sam

pling intervals treated as a blocked
factor. D

ata w
ere log transform

ed 
to m

eet the assum
ptions of

hom
oscedasticity, and S

tudent-N
ew

m
an-K

euls m
ultiple range

tests (P
 <

 0.05) 
w

ere used to evaluate sources of significant
variation (Z

ar 1983).

Physicochem
ical A

nalyses

D
uplicate 1-L

 lake w
ater sam

ples w
ere collected on days 1,

7, 14, and 31 of the experim
ent from

 depths of 1, 5, and 10 m
using a 2-L

 V
an D

ora bottle. 
L

ake w
ater sam

ples (100 m
L

)
w

ere analyzed for chlorophyll, follow
ing w

hich the filtrate w
as

analyzed for N
O

3-N
, soluble reactive P

 (S
R

P
), C

l~
, and S

iO
2

using a T
echnicon II autoanalyzer (D

avis and S
im

m
ons 1979).

A
n additional 100 m

L
 of lake w

ater w
as filtered onto m

em
brane

filters to determ
ine P

S
i concentrations.

A
lso,  on days 7, 

14, and 31, pH
, dissolved oxygen, tem

-
perature,  and conductivity w

ere determ
ined 

at 
1-m

 intervals
from

 
the surface to depths of betw

een 6 and 
12 m

 using a
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TA
BLE 1. Pooled estim

ates for chem
ical and biological param

eters m
easured on four dates from

 dupli-
cate w

ater sam
ples taken at three depths (1, 5, and 10 m

) in Little T
raverse B

ay, L
ake M

ichigan (und
=

 undetectable).

D
ate

(1984)

15 July
22 July
29 July
15 A

ugust
M

ean
SE

S
iO

2

(m
g-L

-')

0.36
0.41
0.35
0.37
0.38
0.01

ci-
(m

g-L
-)

8.77
8.77
8.62
8.23
8.59
0.13

N
O

,-N
(fig-L

-)

182.8
193.1
199.4
198.0
193.3

3.7

SR
P

und
1.00
1.20
und
1.10
0.10

PSi
<m

g-L
-')

2.14
2.81
1.55
1.24
1.94
0.35

C
hi a

(jA
g-L'1)

1.11
1.65
1.15
0.79
1.18
0.19

H
ydrolab*. W

ater transparency w
as m

easured w
ith a w

hite and
black S

ecchi disk (diam
eter =

 20 cm
).

R
esults

S
ilica (S

iO
2) liberation from

 
S

i and C
O

N
T

 substrata w
as

characterized by high initial release, follow
ed by relatively con-

stant  release. T
he m

agnitude of SiO
2 release from

 S
i substrata

(254 ju
n

o
l-d

- ') w
as m

ore than 25-fold higher than that released
from

 C
O

N
T

 substrata (10

P
hysicochem

ical C
onditions of L

ake M
ichigan W

ater

C
oncentrations of S

iO
2, C

l~ , N
O

3-N
, and S

R
P

 show
ed little

tem
poral or spatial variability (T

able 1). L
evels m

easured w
ere

sim
ilar to those reported

 from
 other nearshore areas in northern

L
ake M

ichigan (S
chelske and C

allender 1970) and are indica-
tive  of extrem

e P
 lim

itation (T
ilm

an 1982). C
oncentrations of

P
S

i and chlorophyll w
ere highest on 22 July and declined there-

after, indicating a decrease in phytoplankton standing crop (i.e.
diatom

s) typical  of sum
m

er epilim
netic populations in L

ake
M

ichigan (F
ahnenstiel and Scavia 1987a).

E
stim

ates 
(X

 
±

 
S

E
) of 

conductivity 
(286.7 

±
 

2.1
n

m
h

o
-cm

-
1at2

5
°C

),p
H

(7
.9

7 ±
 0.13), and dissolved oxygen

(8.4  
±

 
1.3 m

g-L
-

1) changed very little by depth and through
tim

e. W
ater transparency (S

ecchi depth =
 5

-6
 m

) also
 show

ed
little tem

poral variability. T
em

perature profiles (20.2 ±
 0.7°C

)
indicated that surface w

aters in the bay w
arm

ed very little dur-
ing the study and that the therm

ocline w
as below

 10 m
 (C

arrick
1985).

A
lgal B

iom
ass 

E
stim

ates

C
hanges  in algal biom

ass am
ong nutrient treatm

ents over all
sam

pling periods as determ
ined by chlorophyll, P

S
i, and total

biovolum
e yielded

 consistent results (T
able 2; Fig. 2). Sam

ples
on day 7 w

ere not different in term
s of total biovolum

e and P
S

i;
how

ever, chlorophyll concentrations w
ere highest on S

i +
 N

 +
 P

substrata. 
B

y day 
14, algal biom

ass 
w

as greatest on either
S

i +
 N

 +
 P

 (chlorophyll and PSi) or S
i and S

i +
 N

 -I- P
 treatm

ents
(biovolum

e). 
O

n day 31, 
all 

three 
biom

ass estim
ates 

w
ere

greater  on N
 +

 P
 and S

i +
 N

 +
 P

 substrata over C
O

N
T

 and S
i

treatm
ents.

D
ivision-L

evel R
esponses

B
iovolum

e of three divisions of algae 
(blue-green algae,

green  algae, and diatom
s) did not vary significantly am

ong
nutrient treatm

ents follow
ing 7 d of incubation (T

able 3). A
fter

14 d of exposure, diatom
 biovolum

e w
as highest on S

i +
 N

 +
 P

oT'e
o
 •

o: o>

XO

105

U
J

'H
 

3

II

B

14
5
0

._<£ 
30

a. •

10

14 
31

T
IM

E
 (d

)
FIG

. 2. A
verage (A

) chlorophyll a concentrations, (B
) total biovolum

e
estim

ates, and (C
) PSi concentrations am

ong four nutrient treatm
ents

collected over three successive sam
pling periods. V

ertical bars denote
1 SE from

 the m
ean.

and S
i substrata over the other tw

o treatm
ents. B

y day 31, blue-
green  and green algae both dem

onstrated a significant increase
in biovolum

e on N
 +

 P
 and S

i +
 N

 +
 P

 over S
i and C

O
N

T
 sub-

strata (F
ig. 3).
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TABLE 
2. 

R
esults 

from
 

one-w
ay 

analysis 
of 

variance 
(A

N
O

V
A

)
com

paring estim
ates of algal biom

ass am
ong nutrient treatm

ents for
each sam

pling date. T
reatm

ents joined by underlining w
ere not sig-

nificantly different from
 one another w

hen assessed w
ith the S

tudent-
N

ew
m

an-K
euls (SN

K
) m

ultiple m
eans range test (at P

 <
 0.05). ***P

<
 0.0001.

D
ate

D
ay?

D
ay 14

D
ay 31

B
iom

ass
estim

ate

C
hlorophyll

B
iovolum

e
PSi

C
hlorophyll

B
iovolum

e
PSi

C
hlorophyll

B
iovolum

e
PSi

F
 (df -

 3
)

13.29***
2.41
1.38

74.12***
13.35***
11.97***

29.22***
177.23***
140.18***

SN
K

 range test

C
O

N
T

 N
 + P Si Si + N

 + P
C

O
N

T
 N

 + P Si Si + N
 + P

N
 + P Si + N

 + P Si C
O

N
T

C
O

N
T

 Si N
 +

 P Si +
 N

 +
 P

C
O

N
T

 N
 + P Si + N

 + P Si
C

O
N

T
 N

 + P Si Si + N
 + P

Si C
O

N
T

 Si + N
 + P N

 + P
Si C

O
N

T
 Si + N

 + P N
 + P

C
O

N
T

 Si N
 + P Si + N

 + P

5-1

£inOLLl

_O§CD

3-

*—
ys&s&s&t
1C

O
N

T
S

I
N

P
S

IN
P

T
R

E
A

T
M

E
N

T

Fio. 3. R
elative contribution of algal divisions to the total biovolum

e
am

ong four nutrient treatm
ents after 31 d of exposure.

Population-L
evel 

R
esponses

T
he response of algal populations to nutrient enrichm

ent fol-
low

ing the 31-d incubation fell into four categories: species
responding positively to either S

i, N
 +

 P
, or S

i +
 N

 +
 P

 and spe-
cies responding negatively to all three patterns of enrichm

ent
(T

able 4).
E

leven 
species 

of 
diatom

s 
displayed 

significant 
grow

th
response 

to 
S

i 
enrichm

ent 
(T

able 
4A

) 
and 

accounted 
for

betw
een 

1 and 2%
 of the total 

biovolum
e on S

i substrata.
A

m
phora ovalis (K

iitz.) K
iitz, C

occoneis dim
inuta P

ant., C
ym

-
bella m

inuta H
ilse ex R

abh., and N
itzschia bacata H

ust. under-
w

ent from
 1

.2
-to

 3.7-fold increases in biovolum
e follow

ing S
i

enrichm
ent. 

T
he biovolum

e of N
avicula 

cryptocephala 
var.

veneta (K
iitz.) R

abh. and Synedra 
rum

pens K
utz. w

as com
-

parable on C
O

N
T

 and Si substrata but w
as less variable on Si

substrata. 
T

he 
rem

aining 
five 

species 
only occurred 

on Si
substrata.

T
w

o species responded strongly 
to enrichm

ent w
ith N

 +
 P

and S
i +

 N
 +

 P
 (T

able 4
8
; Fig. 4). T

he grow
th of Schizothrix

calcicola (A
g.) G

om
ont, a sm

all filam
entous blue-green alga,

w
as enhanced over 2000-fold on N

 +
 P

 and S
i +

 N
 +

 P
 substrata

and com
prised a substantial portion of the total biovolum

e (24

and 26%
, respectively). Stigeoclonium

 tenue (A
g.) K

utz., a
green filam

entous alga, increased m
ore than 600-fold on N

 +
 P

and S
i +

 N
 +

 P
 substrata and accounted for 59 and 50%

 of the
total biovolum

e in each com
m

unity.
T

he diatom
s A

chnanthes m
inutissim

a K
utz. and C

occoneis
placentula 

E
hr. 

responded 
m

oderately 
to 

enrichm
ent w

ith
N

 +
 P, but 

increased 
to 

the 
greatest 

extent 
w

hen 
all 

three
nutrients w

ere supplied (T
able 4C

; F
ig. 4). A

chnanthes m
inu-

tissim
a underw

ent a 1.5-fold increase in biovolum
e on N

 +
 P

substrata and a 2.3-fold increase on S
i +

 N
 +

 P
 substrata (6 and

9%
 of the total biovolum

e, respectively). C
occoneis placentula

show
ed a sim

ilar response to enrichm
ent, increasing in bio-

volum
e 8.4-fold on N

 +
 P

 and m
ore than 14-fold on S

i +
 N

 +
 P

substrata (4 and 6%
, respectively).

E
leven species of diatom

s m
aintained stable populations on

C
O

N
T

 substrata and either decreased or w
ere sporatically rep-

resented or absent on S
i, N

 +
 P

, and S
i +

 N
 +

 P
 treatm

ents (T
able

4D
). A

chnanthes clevei var. rostrata H
ust., C

yclotella m
ichi-

g
a
n
ia

n
a
S
kv., C

. ocellataP
ant., and N

itzschia recta H
antz. all

decreased betw
een 2.5- and 11.0-fold on S

i substrata relative
to controls and w

ere absent on N
 +

 P
 and S

i +
 N

 +
 P

 substrata.
A

m
phora hem

icycla S
toerm

. &
 Y

ang only occurred on C
O

N
T

substrata, w
hile the rem

aining species had variable occurrences
on N

 +
 P

 and S
i +

 N
 +

 P
 com

pared w
ith C

O
N

T
 and S

i treat-
m

ents. T
hese species each contributed betw

een 
1 and 4%

 to
the total biovolum

e on C
O

N
T

 and Si substrata.

D
iscussion
E

nrichm
ent w

ith S
i alone did not stim

ulate benthic algal
grow

th to any significant extent in the nearshore area of north-
ern L

ake M
ichigan. H

ow
ever, S

i m
ay becom

e a lim
iting factor

to benthic algal grow
th follow

ing enrichm
ent w

ith N
 +

 P
, as

evidenced 
by the greatest increase in algal chlorophyll, bio-

volum
e, and P

S
i follow

ing S
i +

 N
 +

 P
 enrichm

ent during the
first 14 d of the study. E

nrichm
ent w

ith Si relative to N
 +

 P
 had

little effect 
during the days 

14-31, w
hen factors other than

nutrients seem
 to have becom

e 
im

portant.
It is quite possible that benthic algal com

m
unities at 10 in

(am
bient light is 4.5%

 of surface irradiance) are jointly lim
ited

by nutrients and light (see R
hee and G

otham
 1981). T

his w
ould

explain  the relatively low
 grow

th rates exhibited by the assem
-

blage, despite  the abundant supply of nutrients (see below
).

M
oreover, chlorophyll to biom

ass ratios (m
icrogram

s chloro-
phyll per m

illigram
, assum

ing specific 
w

eight 
=

 
1.0) w

ere
high on all treatm

ents (average =
 

3.3) but greatest for N
 +

 P
and S

i +
 N

 +
 P

 treatm
ents (3.6 and 3.9, respectively), indicat-

ing that these algae w
ere the m

ost light-lim
ited. 

R
atios calcu-

lated here  are com
parable 

w
ith those determ

ined 
for shade-

adapted subsurface  phytoplankton existing under a sim
ilar light

regim
e  in L

ake M
ichigan (F

ahnenstiel and Scavia 
1987b). In

fact, 
subsurface 

phytoplankton 
dem

onstrated 
the 

greatest
grow

th  response to enrichm
ent w

ith S
i and P

 only w
hen higher

than in situ light w
as provided (Fahnenstiel et al. 1984). U

nex-
pectedly 

higher 
chlorophyll 

concentrations  
on 

N
 +

 P
 

over
Si +

 N
 +

 P
 substrata on day 31 m

ay also be related to the greater
contribution of green algae and subsequent chlorophyll a to that
assem

blage (see Fig.  3). B
ecause green algae have a lesser pig-

m
entation 

diversity 
than 

do blue-green
 algae 

and diatom
s

(R
ound 1981), they m

ay contribute m
ore chlorophyll a per unit

cell volum
e.

T
he nearshore of L

ake M
ichigan is a dynam

ic zone subject
to periodic nutrient enrichm

ent attributable to com
m

on upw
ell-
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S
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N
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S
iN

P

A
T

M
E

N
T

axa am
ong four nutrient treatm

ent after 31 d of

TABLE 
3. 

R
esults 

from
 

one-w
ay 

analysis 
of 

variance 
(A

N
O

V
A

)
com

paring the biovolum
e of three algal divisions am

ong nutrient treat-
m

ents for each sam
pling date. T

reatm
ents joined by underlining w

ere
not significantly different from

 one another w
hen assessed w

ith the
Student-N

ew
m

an-K
euls 

(SN
K

) 
m

ultiple 
m

eans 
range 

test 
(at

/1<
0

.0
5

). ***/>
<

 0.0001.

D
ate

D
ay 7

D
ay 14

D
ay 31

A
lgal

division

B
lue-green

G
reen

D
iatom

B
lue-green

G
reen

D
iatom

B
lue- green

G
reen

D
iatom

F
 (df =

 3)

3.17
1.01
2.32

1.81
0.90

13.95***

122.89***
94.87***
3.20

SN
K

 range test

C
O

N
T

 N
 + P Si + N

 + P Si
N

+
P 

S
i C

O
N

T
 S

i+
N

 + P
C

O
N

T
 N

 + P Si Si + N
 + P

N
 + P Si + N

 + P C
O

N
T

 Si
C

O
N

T
 N

 + P Si + N
 + P Si

C
O

N
T

 N
 + P Si Si + N

 + P

C
O

N
T

 Si Si +
 N

 +
 P

 N
 +

 P
Si C

O
N

T
 Si + N

 + P N
 + P

Si C
O

N
T

 N
 + P Si + N

 + P

ing events (S
chelske et al. 1971), external perturbations (e.g.

A
uer et al. 1982), and inputs from

 tributaries (S
chelske 1975).

T
he release of both S

i and P
 from

 substrata used here are com
-

parable w
ith  S

i and P
 concentrations in m

any L
ake M

ichigan
tributaries (S

chelske 1975). D
espite the relatively low

 atom
ic

N
:P

 provided by our substrata (3:1), it still is w
ithin the range

of N
:P

 m
easured from

 w
ater entering L

ake M
ichigan through

the G
rand R

iver (S
tephenson and W

aybrant 1971). H
ow

ever,
the supply of nutrients from

 nutrient-diffusing substrata can vary
in tim

e and space and potentially influence experim
ental results

(P
ringle 1987). B

ased upon nutrient-diffusion rates determ
ined

under  laboratory conditions (F
airchild et al. 1985; this study),

w
e assum

e that nutrients w
ere supplied linearly throughout the

experim
ent by our in situ substrata.

W
ith this  in m

ind, w
e feel that our results represent a realistic

m
easure of the benthic algal response to nutrient perturbations

relevant to the L
ake M

ichigan system
. C

hlorophyll and partic-
ulate (biogenic) S

i estim
ates for algal com

m
unities on N

 +
 P

and S
i +

 N
 +

 P
 substrata on day 31

 fall w
ell w

ithin the range
for sum

m
er chlorophyll (11-77

 m
g-m

~
2) and biogenic concen-

trations (60 g-m
~

2, assum
ing 1 cm

3 
—

 1.1 g dry w
eight of

sedim
ents) present in nearshor'e southern L

ake M
ichigan sedi-

m
ents (N

alepa and Q
uigley 1987; C

onley et al. 1986, 
respec-

tively). A
lso, our chlorophyll estim

ates correspond
 w

ell w
ith

chlorophyll levels com
m

on 
in several oligotrophic C

anadian
lakes  (C

attaneo 1987). F
urtherm

ore, according to the relation-
ship betw

een total P
 and periphyton biovolum

e for the sam
e

suite of C
anadian lakes (C

attaneo 1987), the level of biovolum
e

production w
e observed here correlates w

ith w
ater colum

n total
P

 concentrations (approxim
ately 15-20 

u-g-L
"

1) com
m

on for
nearshore L

ake M
ichigan (S

chelske 1980).

A
spects of A

lgal C
om

m
unity D

evelopm
ent

T
he grow

th response 
of L

ake M
ichigan benthic 

algae to
nutrient enrichm

ent is dependent upon the specific pattern of
enrichm

ent and on the period
 at w

hich the com
m

unity is ana-
lyzed. T

his tem
poral interaction  m

ay reflect the operation of
three com

ponents of algal com
m

unity developm
ent: coloniza-

tion, grow
th, and m

aturation. C
ollections on day 7 can be inter-

preted to represent a period 
of algal colonization 

and accli-
m

ation  (average exponential grow
th rate, r —

 0
.3

3
-d

~
'), w

here
algal biom

ass differed little am
ong treatm

ents. V
alues for r dur-

ing this period m
ay be inflated because passive accum

ulation
w

as not taken into account (B
othw

ell and Jasper 
1983). D

ays
7-14  

can
 be characterized 

as an
 initial grow

th phase (r 
-

0
.1

9
-d

-'), 
w

here 
increases 

in 
biom

ass 
w

ere 
highest 

on
Si +

 N
 +

 P
 substrata and com

m
unity com

position w
as sim

ilar
am

ong treatm
ents. D

ays 14-31
 represent a period w

here algal
biom

ass 
accum

ulation 
on N

 +
 P

 
and S

i +
 N

 +
 P

 treatm
ents

increased nearly ninefold over  Si and control treatm
ents and

C
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TABLE 4. Species show
ing significant biovolum

e (cnV
-nr2 x 

10
3) responses to specific nutrient addi-

tions on day 31 (X
 ±

 S
E

), as determ
ined 

by one-w
ay analysis of variance. Species responses w

ere
classified into groups using the Student-N

ew
m

an-K
uels (SN

K
) range test (P

 <
 0.05). *P

 <
 0.05;

**P <
 0.01; *

*
*

P
<

 0.001.

Species
C

O
N

T
Si

N
 + P

Si + N
 + P

A
chnanthes exigua*

Am
phora ovalis***

C
occoneis dim

inuta*
C

ym
bella hustedtii*

C
. m

inuta***
D

iploneis oculata**
G

om
phonem

a gracile*
N

avicula 
cryptocephala

var. veneta***
N

itzschia acicularis***
N

. bacta*
Synedra rum

pens*

Schizothrix calcicola***
Stigeoclonium

 tenue***

Achnanthes m
inutissim

a*
C

occoneis placentula***

A
. Species responding to Si enrichm

ent

0
2.0 ±

 2.0
1.0 ±

 0.6
0

1.0 ±
 0.6

00

1.8 ±
 0.3

0
1.3 ±

 0.8
0.7 ±

 0.4

0.5 ±
 0.5

7.5 ±
 0.9

1.2 ±
 0.4

1.6 ± 0.7
2.7 ±

 0.7
1.1 ±

 0.4
1.3 ±

 0.8

1.8 ± 0.2
1.3 ±

 0.6
1.7 ±

 0.6
0.7 ±

 0.2

0000000

2.1 ± 2.1
000

B
. Species responding to N

+
P

 enrichm
ent

0.4 ±
 0.4

3.5 ±
 3.5

0 
1043.6 ±

 
129.1 

1130.9 ±
 367

0 
2578.5 ±

 251.6 
2201.7 ±

 164

C
. Species responding to Si+

N
+

P
 enrichm

ent

161.8 
±

 26.5 
120.1 ±

 
16.9 

243.6 ±
 60.9 

283.1 ±
 63

20.1 
±

 3.6 
11.9 ±

 3.3 
169.4 ±

 59.1 
376.1 ±

 108

D
. Species responding negatively to enrichm

ent

Achnanthes clevei
var. rostrata*

Am
phora hem

icycla**
C

yclotella com
ensis***

C
. m

ichiganiana***
C

. ocellata***
Fragilaria construens**
F. construens

var. pum
ila*

F. crotonensis***
F. interm

edia*
N

itzschia palea***
N

. recta*

1.4 ±
 0.7

8.0 ±
 3.8

4.9 ±
 1.5

1.2 ±
 0.4

1.5 ±
 0.7

10.4 
±

 5.9

3.9 ±
 2.1

19.0 ±
 3.3

4.8 ±
 2.8

7.2 ±
 2.5

8.8 ±
 3.1

0.1 ±
 0.1

0
1.1 ±

 0.3
0.5 ±

 0.5
0.4 ±

 0.1
5.5 ±

 2.9

0.4 ±
 0.4

10.4 ±
 4.3

2.1 ± 1.3
2.5 ±

 1.2
2.6 ±

 1.5

00
0.5 ±

 0.5
0000

53.8 
±

 53.8
000

000000000
1.9 ±

 1.9
0

consisted m
ainly of four species. E

xponential grow
th rates w

ere
highest for N

 +
 P

 and S
i +

 N
 +

 P
 treatm

ents (r 
~

 
0.11 and

0
.0

4
-d

"'), but decreased on all treatm
ents com

pared w
ith days

7-14 
(average  r =

 0.05-d-1)- T
his decline in

 grow
th rate for

all treatm
ents suggests that each assem

blage 
reached 

som
e

abundance plateau (R
odriguez 1987). O

verall, the algal grow
th

rates  follow
ing enrichm

ent in this study are very low
 com

pared
w

ith those obtained for L
akes H

uron and M
ichigan phytoplank-

ton assem
blages enriched w

ith S
i, N

, and P
 (average r for 23

July 1975 =
 0

.4
4

-d
-'; L

in and S
chelske 1981) and w

ith S
i and

P
 (average r =

 
0

.4
0

-d
-'; S

chelske et al. 1975), respectively.
F

urtherm
ore, lotic periphyton exposed to various concentra-

tions of effluent high in N
 and P

 experienced increases in intrin-
sic grow

th rates (average r for all concentrations =
 0.35-d~

')
over controls (average r =

 0
.1

6
-d

-') (B
othw

ell and S
tockner

1980).

A
lterations in C

om
m

unity C
om

position

Follow
ing an increase in diatom

 biovolum
e for the first 14 d

of the experim
ent, 

the com
m

unity com
position

 on 
substrata

enriched w
ith N

 +
 P

 and S
i +

 N
 +

 P
 shifted to one dom

inated by
green and blue-green algae. T

his shift in algal com
m

unity struc-
ture is sim

ilar to changes observed from
 in situ bag experim

ents
involving L

ake M
ichigan phytoplankton assem

blages exposed
to 

a sim
ilar 

pattern 
of 

nutrient 
enrichm

ent 
(S

chelske and
Stoerm

er 1971, 1972). S
uch alterations in phytoplankton com

-
m

unity structure w
ere attributed to depletion of soluble Si w

ithin
the phytoplankton enclosures.

M
echanism

s prom
pting taxonom

ic shifts in the present study
are difficult 

to ascribe. L
ow

 N
:P

 like those supplied by our
substrata have been show

n to favor the grow
th of green and

blue-green benthic 
algae 

in another 
lake 

enrichm
ent study

(Schindler 1975). A
lso, the ability of filam

entous green and
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blue-green algae to take up large stores of nutrients (R
osem

arin
1982; Stew

art et al. 1978, respectively), suffer m
inim

al grazing
losses (C

anale and A
uer 1982), and reduce shading effects (C

at-
taneo 1987) cannot be discounted as factors contributing to their
relative success on N

 +
 P

 and Si +
 N

 +
 P

 treatm
ents.

E
nrichm

ent of plant com
m

unities in restricted grow
ing space

often escalates the im
portance of resources other than nutrients

(i.e. light and space) and the interactions am
ong species utiliz-

ing these resources (T
ilm

an 1982). G
iven the low

 light condi-
tions and high algal standing crop on N

 +
 P

 and Si +
 N

 +
 P

 sub-
strata by day 

31, com
parable 

developm
ent of biom

ass 
and

com
m

unity com
position on N

 +
 P

 and S
i +

 N
 +

 P
 substrata at

the end of the experim
ent m

ay have been m
ediated, in part, by

the relative success of a few
 dom

inant species.
C

om
m

unities on N
 +

 P
 and S

i +
 N

 +
 P

 substrata consisted
prim

arily of four species. Schizothrix calcicola (C
yanophyta)

and Stigeoclonium
 tenue (C

hlorophyta) form
ed extensive m

ats
covering m

ost of the surface of N
 +

 P
 and Si +

 N
 +

 P
 substrata.

In addition, Fairchild et al. (1985) also identified S. tenue as a
dom

inant follow
ing enrichm

ent w
ith N

 +
 P

 in D
ouglas L

ake,
M

ichigan, and com
m

ented on the possibility of habitat m
odi-

fication by this species. T
he other tw

o dom
inant taxa on these

treatm
ents (A

chnanthes m
inutissim

a and C
occoneis placentuld)

are adnate diatom
s of very lim

ited m
otility (Patrick and R

eim
er

1966) w
hich thrive in habitats of lim

ited space (Pringle 1985;
K

rejci and L
ow

e 1986) and light (S
tockner and S

hortreed 1978;
M

clntire 1968, 
respectively). 

H
ence, 

w
e feel that secondary

lim
itation of light and space w

ere pertinent forces under these
tw

o nutrient regim
es by day 31. M

any algal species on these
treatm

ents appeared to vary as a function of the relative success
of Schizothrix and Stigeoclonium

, and only species w
ith low

requirem
ents 

for 
light 

and 
space 

coexisted 
(prim

arily
A

chnanthes and C
occoneis).

Population R
esponses to N

utrient E
nrichm

ent

T
he observed grow

th enhancem
ent of 11 diatom

 species fol-
low

ing Si enrichm
ent suggests that these species w

ere Si lim
-

ited. O
f these, C

occoneis dim
inuta, N

itzschia bacata, and N
itz-

schia acicularis are know
n to thrive in nutrient-enriched habitats

(L
ow

e 1974). A
lso, N

itzschia acicularis grow
s best in cultures

w
ith high Si concentrations (approxim

ately 30 m
g-L

~
l; C

hu
1942). N

o specific data pertaining to the nutrient requirem
ents

of the other eight diatom
 species are available. B

ecause som
e

Si is liberated 
from

 
the C

O
N

T
 substrata, estim

ates of algal
response to Si enrichm

ent are probably conservative.
In addition to am

bient dissolved S
i concentrations, benthic

diatom
s m

ay be able to use other sources of Si. D
iatom

s m
ay

be 
able 

to 
sequester 

Si by 
m

odifying the 
biogeochem

ical
decom

position of silicate m
inerals (H

utchinson 1957). S
tudies

by V
ernadsky (1922) have docum

ented the breakdow
n of sili-

cate m
aterials (i.e.  kaolinite and nacrite) by species of the dia-

tom
 genera N

itzschia and N
avicula. A

lso, significant release of
Si from

 nearshore sedim
ents in L

ake M
ichigan (Q

uigley and
R

obbins 1984) m
ay be another potential Si source. T

hird, the
high annual sedim

entation of rem
nants from

 the spring diatom
bloom

 in L
ake M

ichigan (Fahnenstiel and Scavia 1987a) settles
in 

som
e 

nearshore 
zones 

(N
alepa 

and 
Q

uigley 
1987) 

and
deposits diatom

 frustules 
and fragm

ents w
hich can dissolve

sw
iftly 

(80-100%
 annually; C

onw
ay et al. 

1977), providing
another potential S

i source. T
hus, benthic diatom

s m
ay have a

m
ode of m

aintaining populations in Si-poor w
aters by using an

additional source(s) of Si present in the sedim
ents (C

heng and
T

yler 1973).

T
he increase in algal biom

ass on N
 +

 P
 and S

i +
 N

 +
 P

 sub-
strata w

as prim
arily due to the grow

th of Stigeoclonium
 tenue

and Schizothrix calcicola. Stigeoclonium
 tenue grow

s w
ell in

organically enriched habitats (Palm
er 1969). In addition, cul-

ture studies have dem
onstrated increased grow

th response of S
.

tenue to enrichm
ent w

ith com
binations of N

O
3~ 

and PO
43~

(D
eV

ries et al. 1985) and a capacity for high P-uptake kinetics
and grow

th rates (2.0-d~
') (R

osem
arin 1982). Schizothrix cal-

cicola is also associated w
ith organic pollution (V

an L
an-

dingham
 1983), and is one of the m

ore pollution tolerant m
em

-
bers of the O

scillatoriaceae (D
rouet 1968). B

ecause green and
blue-green algae have little to no requirem

ent for Si (H
utch-

inson 
1957), w

e deduce that Schizothrix and Stigeoclonium
responded to supplies of N

 and P (and/or other unknow
n ions)

liberated from
 N

 +
 P

 and S
i +

 N
 +

 P
 substrata.

T
he diatom

s A
chnanthes m

inutissim
a and C

occoneis placen-
tula 

experienced 
increased 

grow
th 

on 
N

 +
 P 

substrata and
reached 

the greatest 
abundance on 

substrata 
enriched w

ith
Si +

 N
 +

 P. A
lthough A

. m
inutissim

a is found in a variety of
freshw

ater habitats (L
ow

e 1974), it responds to nitrate addition
(Stockner and Shortreed 

1978; Fairchild and L
ow

e 1984; Prin-
gle and B

ow
ers 1984), as does C

occoneis (Pringle and B
ow

ers
1984; Fairchild et al. 1985). O

ur results indicate that both spe-
cies 

respond positively to N
 +

 P
 addition and that 

greatest
grow

th is obtained w
hen Si is also provided.

T
he negative response to nutrient enrichm

ent exhibited by 11
diatom

 species w
as expected given w

hat is know
n about their

autecology. T
he three C

yclotella species encountered here have
been characterized 

as pollution-intolerant 
species (S

toerm
er

1978) w
hich decline in abundance under increasing eutrophic

conditions (Stoerm
er et al. 1985). O

f the four sensitive species
of F

ragilaria, F
. construens and F

. construens van pum
ila are

intolerant to eutrophication (E
ngstrom

 et al. 1985). F
ragilaria

crotonensis is a m
ore tolerant'' w

eed'' species that occurs under
a w

ide range of conditions and declines under m
ore advanced

stages of nutrient perturbation (Stoerm
er et al. 1985). N

itzschia
palea is also regarded as a "w

eed
" species (L

ow
e 1974) and

perhaps responds to nutrient enrichm
ent m

uch like F
. croto-

nensis. T
he cosm

opolitan nature of F. crotonensis and N
. palea

m
ay account for their variable response to nutrient enrichm

ent
in this study. Inform

ation concerning the autecology of the other
sensitive species is scarce.

C
oncluding R

em
arks

In sum
m

ary, enrichm
ent w

ith S
i +

 N
 +

 P
 led to the greatest

increase in total alga! chlorophyll, biovolum
e, and PSi betw

een
treatm

ents during the first 14 d of the study w
hen diatom

s dom
-

inated the assem
blage. A

dditions of Si alone affected a lim
ited

num
ber of poorly represented 

species. T
hus, Si appears to be

a secondarily lim
iting nutrient, becom

ing im
portant to benthic

algae  follow
ing N

 +
 P

 addition. A
lthough the observed 

shift
from

 
diatom

 to green 
and blue-green 

dom
inance 

follow
ing

N
 +

 P enrichm
ent in this study coincides w

ith findings for L
ake

M
ichigan phytoplankton exposed to the sam

e pattern of enrich-
m

ent (Schelske and Stoerm
er 1971,1972), the m

echanism
 driv-

ing these changes m
ay differ. T

axonom
ic shifts observed here

w
ere attributed to the low

 N
:P

 supplied and to species-level
interactions. L

ow
 grow

th rates and high chlorophyll to biom
ass

ratios  for algae across treatm
ents is indicative of light lim

ita-
tion, w

hich w
as apparently accentuated by the extensive grow

th
of Schizothrix and Stigeoclonium

 on N
 +

 P
 and S

i +
 N

 +
 P

 sub-
strata. T

his im
plies that the trade-off betw

een nutrients and other
potentially lim

iting resources (i.e. light and space) cannot be

C
an. J. F
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V
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ignored and m
ay m

anifest them
selves readily w

ithin com
m

u-
nities restricted to substrata.
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